Female Wistar rats were weaned onto a diet deficient in riboflavin and compared with weight-matched and ad lib.-fed controls. The effects of riboflavin deficiency on villus morphometry and enterocyte number on the villi in the upper small intesthe were studied. Riboflavin depletion was associated with increased villus length and a proportional increase in the number of cell positions along the villi. The total DNA, RNA and protein contents in the intestinal mucosa were not significantly different between any of the groups. Villus hypertrophy in the absence of increased cell number in the small intestine suggests that villus number may be reduced in riboflavin deficiency. Riboflavin deficiency did not influence the number of mucus-producing goblet cells or the amount of mucosal glycoprotein in the small intestine. Impaired production of mucus appeared not to be involved in the structural and functional changes seen in riboflavin deficiency.
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Riboflavin : Rat: Villus morphology There is substantial evidence from studies in riboflavin-deficient human populations (Powers et al. 1983b; Fairweather-Tait et al. 1992 ) and in small animals (Powers & Bates, 1984; Powers et al. 1983a Powers et al. , 1988 ) that riboflavin deficiency influences Fe metabolism. Some interest has been shown in the possible involvement of flavins in mitochondria1 and cytoplasmic enzymes able to reduce and thereby mobilize ferritin Fe (Powers et al. 1983a; Powers, 1986) . Activities of these enzymes are reduced in in vitro preparations of various tissues from rats depleted of riboflavin. An involvement of riboflavin in the reductive mobilization of ferritin Fe implicates riboflavin in several aspects of Fe metabolism, including absorption and hepatic Fe release. Riboflavin deficiency has been shown not only to impair Fe absorption but also to enhance gastrointestinal Fe loss (Powers et al. 1991) and attention has focused more recently on the effects of riboflavin deficiency on the structure and function of the small intestine.
Riboflavin deficiency in the weanling rat is associated with an increased crypt depth and an increased crypt-cell production rate in the upper small intestine and it was hypothesized that an enhanced turnover of mucosal epithelial cells of the small intestine may be responsible for the increased rate of loss of Fe. Villus structure in the duodenum of riboflavin-deficient weanling Wistar rats was studied in an attempt to quantify further the gastrointestinal changes in response to riboflavin depletion. Scanning electron microscopy suggested that mucus production may be reduced in the riboflavindepleted state (Williams et al. 1993) . This was investigated further by measuring the * For reprints.
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number of mucus-producing goblet cells in the upper small intestine and the quantity of glycoprotein in the small-intestinal mucosa.
METHODS A N D MATERIALS
Fifty female weanling Wistar rats (Sheffield strain) were bred and weaned in a pathogenfree environment. The rats had body weights of between 28 and 61 g and were individually housed in wire-bottomed cages and weaned onto their appropriate diet on days 21-23 of life. The rats were divided into three dietary groups: riboflavin deficient (RD), weight matched (WM) and ad lib. (AL). Twenty rats were randomly allocated to the RD group and twenty, matched by weight, allocated to the WM group. The RD group received a basal diet (g/kg): arachis oil 30, sucrose 700, casein 200 (containing 0.52 mg riboflavin/kg diet), a vitamin mixture (riboflavin deficient) and Briggs salt mixture (Seaford Laboratories, Seaford, East Sussex). Animals allocated to the WM group received the basal diet supplemented with riboflavin (15 mg/kg), which constituted a 'complete diet '. Feed consumption of each animal was controlled so that the rate of growth was equal to that of its riboflavin-depleted partner. Ten animals were fed ad lib. on the complete diet. After 14 d the availability of the feed was restricted to the period between 09.00 and 17.00 hours, for all rats. The rats were maintained on their diets for 5 weeks. Approximately 100 pl blood was collected from a branch of the saphenous vein into a heparinized tube on days 0 and 18 of the experiment. Erythrocytes were separated, washed in isotonic saline (9 g NaC1/1), and stored at -20" in distilled water (1 : 3) for subsequent measurement of riboflavin status. Riboflavin status, which was expressed in terms of the activation coefficient for the FAD-dependent enzyme erythrocyte glutathione reductase (EC 1 ,6.4.2), was measured spectrophotometrically using the Cobas Bio Autoanalyser (Powers et al. 1983b ). An 'in house' quality control sample was included with each batch of samples analysed.
After 5 weeks the rats were anaesthetized by injection of 0.01 ml ketamine-xylazine mixture (2 : 1, v/v)/g body weight and killed by exsanguination. The liver was removed for the measurement of liver flavins using fluorimetry (Bessey et al. 1949) . The small intestine was carefully dissected from the abdominal cavity, weighed and its length measured. Two 10 mm sections of duodenum were removed: the first was fixed in glutaraldehyde for scanning electron microscopy and the second fixed in ethanol-acetic acid (75:25, v/v) for 24 h and then stored in 700 ml/l ethanol for subsequent histological sectioning. The remainder of the small intestine was frozen at -20" for nucleic acid and protein estimations.
The mucosa of the small intestine was scraped away from the submucosa and muscularis (Williamson et al. 1978) , for the measurement of nucleic acids and glycoprotein. DNA and RNA were measured by a modification of a method described by Munro & Fleck (1966) . Protein content was measured using the Lowry assay (Lowry et al. 1951) and the glycoprotein by a colorimetic assay described by Mantle & Allen (1978) .
Electron micrographs of the surface of the mucosa were studied qualitatively. Histological sections cut and stained with haematoxylin and eosin and alcian blue were used to determine villus height, enterocyte number and goblet-cell number on maximumheight villus samples.
Statistical analysis
A two-way analysis of variance was performed to investigate the effects of time and diet on the erythrocyte glutathione reductase activation coefficient (EGRAC). A one-way analysis of variance was used to establish whether diet had an influence on any of the other variables t Significance of the value for overall F ratio in one-way analysis of variance.
Values with unlike superscripts in the same column were significantly different, P < 0.01 (Student's t test).
measured (villus height, villus column-cell number, total DNA, RNA, protein and glycoprotein of the small-intestinal mucosa). Where an influence was identified an unpaired Student's t test was applied. Table 1 shows the riboflavin status of the rats after 5 weeks on the experimental diets. The conventional cut-off point of 1.3 for EGRAC was used to indicate a biochemical deficiency of riboflavin (Glatzle et al. 1970) . A two-way analysis of variance revealed significant effects of both diet and time on riboflavin status. Rats fed on a riboflavin-depleted diet had a significantly greater EGRAC value than either of the control groups from day 18 onwards.
RESULTS
A one-way analysis of variance demonstrated an effect of diet on liver flavins. The Student's t test revealed a significant reduction in liver flavins in the RD group compared with both WM (P < 0.001) and AL groups (P < 0.001). Liver flavins correlated well with EGRAC values ( r 0.76, P < 0.001). Table 2 shows the mean body weights of the rats at the start and end of the experiment together with the average feed consumption and growth rate. There was no significant difference between the body weights of any of the groups at the start of the experiment. The AL rats had a significantly higher final body weight than either WM (P < 002) or RD (P c 0-02) rats. The average daily feed consumption was higher in the AL-fed animals than either the WM (P < 0.05) or RD ( P < 0.05) and the RD feed intake was significantly higher than that of the WM (P < 0.05). The efficiency of feed utilization (weight gain/g diet) was not different between the groups.
A one-way analysis of variance showed no effect of diet on length, weight or mucosal weight of the small intestine. However, there was a close association between final body weight of the rat and gut weight (r 0.66, P < 0.001) and between gastrointestinal tract weight and mucosal weight (Y 0.90, P < 0.001). Table 3 shows the effect of riboflavin depletion on villus structure. There was a significant increase in the villus height and the number of cells per villus column in the RD group compared with both the AL and WM controls. There was no significant difference between the number of goblet cells nor in the goblet cel1s:total cells ratio in a single villus section.
at https:/www.cambridge.org/core/terms. https://doi.org/10.1079/BJN19950015 * For details of diets and procedures see pp. 142-143. t Significance of the value for overall F ratio in one-way analysis of variance. Table 4 shows the effects of riboflavin depletion on total mucosal DNA content of the small intestine. RNA, glycoprotein and protein contents are expressed as mg/mg mucosal DNA. One-way analysis of variance revealed no effects of riboflavin status on these variables.
DISCUSSION
In the present experiment, EGRAC values correlated well with concentrations of liver flavins, confirming the chronic nature of the riboflavin deficiency. Such an association may not be expected in an acutely deficient animal (Prentice & Bates, 1 9 8 1~) .
Riboflavin deficiency was established within 18 d on the depleted diet. Riboflavin depletion in the weanling Wistar rat was not associated with a reduction in growth rate as previously reported in the Norwegian Hooded strain (Prentice & Bates, 1981 b) .
I N T E S T I N A L RESPONSE TO R I B O F L A V I N D E P L E T I O N
The deficient animals showed an increased villus height in the upper small intestine compared with weight-matched controls. There was no significant difference between the villus height of the WM and AL groups. This strongly suggests that riboflavin depletion produces villus hypertrophy.
Riboflavin depletion was associated with a significant increase in the number of cells on a single villus column, suggesting that the increased villus height was produced by an increased cell number. Despite the increase in villus height and villus cellularity in the riboflavin-deficient rats, total mucosal DNA content of the small intestine was unchanged. This finding suggests that the total mucosal-cell population is not elevated in riboflavin deficiency. However, since crypt depth together with villus height are increased, one possible explanation for this apparent anomaly is that riboflavin deficiency reduces the total number of villi produced during post-weaning development. This is a particularly intriguing possibility since villus number is thought to be fixed during the later stages of adolescent development (Goss, 1966) . Any effects of riboflavin depletion on this variable in the critical stages of gastrointestinal development may therefore be irreversible.
In an earlier study electron micrographs of the small intestine from riboflavin-deficient animals appeared to be devoid of mucus, in contrast with weight-matched control animals (Williams et al. 1993) . We investigated the amount of glycoprotein and the number of mucus-producing goblet cells along the villi and found no significant difference in the number of goblet cells or in the quantity of glycoprotein contained within the small intestine of the RD group compared with the WM and AL groups. Similarly, electron micrographs did not reveal any gross difference in the quantity of mucosal covering. Mucus production appears to be a response to food in the small intestine, and the apparent failure of the RD animals to produce mucus as described previously, probably reflected a longer period of fasting than the control animals in that study.
The present experiment has served to quantify further the structural changes of the small intestine in response to riboflavin deficiency. We have found a significant hypertrophy of the villi and a significant increase in the number of cells per villus column. These findings are compatible with those of Powers et al. (1993) who reported a two-fold increase in the rate of crypt-cell production in riboflavin deficiency. Despite the increase in the number of crypt and villus cells the total number of mucosal cells remains unchanged, which raises
